This is the third in a series of papers that present observations and results for a sample of 76 ultra-steep-spectrum radio sources designed to find galaxies at high redshift. Here we present multi-frequency radio observations, from the Australia Telescope Compact Array, for a subset of 37 galaxies from the sample. Matched resolution observations at 2.3, 4.8 and 6.2 GHz are presented for all galaxies, with the z < 2 galaxies additionally observed at 8.6 and 18 GHz. New angular size constraints are reported for 19 sources based on high resolution 4.8 and 6.2 GHz observations. Functional forms for the rest-frame spectral energy distributions are derived: 89% of the sample is well characterised by a single power law, whilst the remaining 11% show some flattening toward higher frequencies: not one source shows any evidence for high frequency steepening. We discuss the implications of this result in light of the empirical correlation between redshift and spectral index seen in flux limited samples of radio galaxies. Finally, a new physical mechanism to explain the redshift -spectral index correlation is posited: extremely steep spectrum radio galaxies in the local universe usually reside at the centres of rich galaxy clusters. We argue that if a higher fraction of radio galaxies, as a function of redshift, are located in environments with densities similar to nearby rich clusters, then this could be a natural interpretation for the correlation. We briefly outline our plans to pursue this line of investigation.
INTRODUCTION
Until the late 1970s the search for high redshift radio galaxies (HzRGs) was restricted to optical spectroscopy at the position of a radio source whose optical host galaxy is undetected on, or at the detection limit of, the Palomar Observatory Sky Survey (POSS) plates (e.g. Kristian et al. 1974 Kristian et al. , 1978 Smith & Spinrad 1980; Gunn et al. 1981; Laing et al. 1983; Spinrad & Djorgovski 1984; Perryman et al. 1984; Spinrad et al. 1985) . Indeed, the first galaxy discovered above redshift one was found in this way (Spinrad 1982) .
The field was revolutionised when it was realised that the radio sources without optical counterparts on the POSS plates tended to have the steepest spectral indices α (where Sν ∝ ν α ) measured between 178 and 1415 MHz (Tielens et al. 1979; Blumenthal & Miley 1979) . Since then most radio selected samples designed to find HzRGs have used some degree of spectral index selection.
Three explanations have been put forward in the literature to justify the trend for HzRGs to have steeper spectral indices; the so-called z − α correlation. The first is based on the observation that the spectral energy distributions (SEDs) of radio galaxies typically steepen toward higher frequencies. For a fixed set of observing frequencies, a radio galaxy at higher redshift will be sampled at higher rest-frame frequencies where, on average, it will exhibit progressively steeper spectral indices: a k-correction. It has also been suggested that the SEDs of HzRGs will be intrinsically steeper thanks to enhanced inverse Compton (IC) losses of the relativistic electron population against the cosmic microwave background (CMB) photons whose energy density increases as (1 + z)
4 (Krolik & Chen 1991) . These two explanations have been adopted in the literature over recent years as the main contributors to the correlation (De Breuck et al. 2000 Pedani 2003; Cohen et al. 2004; Jarvis et al. 2004) . The third explanation holds that the z − α correlation itself is indirect, reflecting an intrinsic correlation between radio luminosity and spectral index coupled to a Malmquist bias (Blundell et al. 1999) . Regardless of the underlying reason for the correlation, the steep-spectrum technique has enjoyed tremendous success over the years, with at least 30 radio galaxies above z = 3 found to date using some form of spectral index culling.
In the first paper of this series (paper I; De Breuck et al. 2004) , we defined a sample of 76 high redshift radio galaxy candidates selected between 843 and 1400 MHz on the basis of their ultra steep radio spectral index (USS; α ≤ −1.3). In the second paper of the series (paper II; De Breuck et al. 2006) we reported the results of optical spectroscopy for 52 sources in the sample which included 35 spectroscopic redshifts. The aim of this paper III is to better understand the radio spectral characteristics of our sample of USS radio galaxies, over a broad range of redshifts. To this end, we report multi-frequency radio observations from the Australia Telescope Compact Array (ATCA) and present rest-frame radio SEDs for 37 galaxies in the sample. This paper is organised as follows. Some relevant synchrotron physics is given in §2. The subset of SUMSS-NVSS USS radio galaxies we observed for this paper is defined in §3. Multifrequency ATCA observations and data analysis follow in §4. The results of the observational program are presented in §5, which includes rest-frame radio SEDs. The remainder of the paper is discussion based. §6 and §7 focus on the implications of our results for existing interpretations of the redshift -spectral index correlation. Penultimately, in §8, we speculate on an alternative physical mechanism for this correlation and concluding remarks are given in §9. Throughout this paper, we assume a flat Λ-dominated cosmology with H0 = 71 km s −1 Mpc −1 and ΩΛ = 0.73 (Spergel et al. 2003) .
SYNCHROTRON RADIATION
A relativistic electron spiralling around a magnetic field line emits synchrotron radiation expressed as:
Equation 1, which relates the specific frequency ν of the synchrotron radiation for relativistic particles with rest mass mo in a magnetic field B with a Lorentz factor γ, is the fundamental relationship for synchrotron radiation processes in astrophysics. The emission from an ensemble of electrons with energies between E and E +dE can be approximated by a delta function at a frequency given by Equation 1. The synchrotron emissivity is:
where Pν is the power per unit frequency emitted by one electron from an ensemble of N electrons per unit volume per unit solid angle with energies in the range from E ′ to E ′ + dE ′ . Pν can be determined from the relativistic generalization of the Larmor formula which describes the total power P radiated by a point charge in vacuo:
where a is the acceleration and µ0 is the permeability of free space. For circular motion where α is the angle between the velocity and acceleration vectors:
where σT is the Thomson scattering cross-section for electrons. The observed frequency spectrum of synchrotron emission is often characterized by a power law. This spectrum is interpreted as originating from a distribution of relativistic electrons with a power law energy distribution of the form:
where Γ is a constant power law index and N0 is the total electron number density. Substituting Equations 4 and 5 into 2, and assuming an isotropic distribution of electrons so that sin 2 α = 2 3 , the power per unit frequency per unit solid angle averaged over an emitting volume V is given by:
with the relationship between γ, B and ν being given by Equation 1. Also, since E = γmoc 2 , then from Equation 1 we can see
. Therefore, the radiated power at a specified observing frequency obeys the proportionality:
where we define α to be the spectral index of the synchrotron radiation.
Electron Energy Losses
We now consider energy losses to the initial electron energy distribution, which lead to a departure from Equation 5. The general form of the energy loss ϕ(E) can be represented by:
where ζ represents the electron energy losses which are essentially independent of E, η represents the losses proportional to E and ξ the losses proportional to E 2 . We consider synchrotron and inverse Compton cooling which contribute to ξ and adiabatic losses which contribute to η.
Synchrotron Losses: the ξ term
In a constant ambient magnetic field the radiating electrons will lose energy at a rate which is given by Equation 4. The timescale for an electron with initial energy E2 = γ2m0 c 2 to lose energy to its final state E1 = γ1m0 c 2 is then
In a magnetic field, this electron will radiate at continuously lower frequencies over this timescale (Equation 1). For a continuous injection model (Kardashev 1962; Carilli et al. 1991) , the initial electron energy distribution will steepen from −Γ to −(Γ + 1) above a critical, or 'break' energy. This will result in the associated synchrotron SED remaining a power law but with a spectral steepening from α to α − 1 2 above a critical frequency which continuously decreases with increasing time. In the limiting case where there was a single injection of electrons, then the SED steepens exponentially when t > τ .
Inverse Compton Scattering: the ξ term
If the energy density of the radiation field is high enough, the synchrotron emitting electrons will collide with the ambient photons, suffering energy losses as they impart their momentum to the radiation field. As for synchrotron losses, the rate of energy loss is again proportional to the square of the electron energy, meaning that the resultant synchrotron spectral index will again steepen from α to α − 1 2
. The ambient photon field consists of the synchrotron photons themselves (in which case the process is called synchrotron self-Compton, SSC), the cosmic microwave background (CMB) photons, and the infra-red (IR) photons from the AGN and galaxy. Thus, considering inverse Compton cooling as well, Equation 9 becomes:
where BIC(z) is the equivalent inverse Compton magnetic field at redshift z. The ratio of the magnetic energy density
to the radiation energy density:
in units of erg cm −3 , will determine whether synchrotron losses or inverse Compton losses dominate the electron energy loss spectrum.
Adiabatic Expansion Losses: the η term
We follow closely the derivation of Scheuer & Williams (1968) . An initial energy distribution of electrons described by N (Ei) in a volume of radius Ri, undergoing adiabatic expansion to a volume of radius R f is governed by the invariance of T V Γ−1 , where T is the temperature (energy), V is the volume and Γ = 4 3 is the usual adiabatic index for relativistic gas. Then,
where N (E f ) is the energy distribution after expansion. Therefore, under adiabatic expansion, N (E f ) will decrease relative to N (Ei)
by some linear expansion factor l. In the absence of tangled magnetic fields, conservation of magnetic flux (the third adiabatic invariant) gives,
From Equations 1, 13 and 14, the synchrotron SED will be shifted to lower frequencies by a factor of l 4 . In addition, the radiated power of an electron, as given by Equation 4, is proportional to γ 2 B 2 . If the frequency of this radiation was fixed, then the amplitude of the radiated power would decrease by l 6 , because B 2 decreases by l 4 and γ 2 decreases by l 2 . However, since the frequency of the radiation decreases as l 4 (from Equation 1 where B decreases by l 2 and γ 2 still decreases by l 2 ), then the actual radiated power at a fixed emission frequency decreases by l 2 . This is a somewhat over-simplified model which we use to make the point that the flux density, at a given frequency, from the lobes of a radio galaxy will decrease over time at a rate which is governed by the pressure of the environment they are expanding into. Thus, a radio galaxy selected from a given flux-limited survey, whose lobes remain pressure-confined by a relatively high ambient gas density, may fall below the survey flux limit if it was, instead, subjected to larger adiabatic losses expanding into a more rarefied environment. For more comprehensive and realistic models of classical radio galaxies, we refer the reader to Blundell et al. (1999) and references therein.
TARGET SELECTION
We selected 37 (of the 76) SUMSS-NVSS USS radio galaxies for follow-up multi-frequency radio observations. This subset consists of the 28 galaxies whose redshifts had been spectroscopically confirmed by 2004 September, and another nine galaxies without confirmed redshifts. Seven of the latter group have extremely faint host galaxies (K ≥ 19.88) and are likely to be at redshifts z ≥ 4 according to the K − z relation for radio galaxies Willott et al. 2003) . The final two sources without redshifts were included in the subset purely due to their favourable hour angle during the ATCA observations when extra observing time became available. The K − z relation from is used to estimate the redshifts of the nine galaxies without spectroscopically confirmed redshifts.
Revised 843 MHz flux densities
Whilst determining the SEDs which are presented in §5.2, we noticed that almost all flux densities were well defined by a single power law except for those at 843 MHz from the SUMSS catalogue (Mauch et al. 2003) which were systematically larger than expected. Re-measurement of these fluxes using the SUMSS images showed that the catalogued values were high by a few percent.
The reason for this over-estimation of the flux density is now understood. It only occurs at the very northern edge of the SUMSS catalogue, which is precisely where our USS sample has been selected, and arises from an incorrect assumption inherent in the source fitting algorithm (VSAD) which is optimised for a circular beam. This error is exacerbated for our sample because the USS selection favours sources with the largest flux over-estimate at 843MHz. On average, the over-estimation is at the 4% level and will be corrected in the next release of the SUMSS catalogue.
We have manually inspected the relevant SUMSS mosaics and revised the 843 MHz flux densities for the 37 sources considered in this paper. The revised flux densities are listed in Column 5 of Table 2 . A consequence of these adjustments is that several of the original USS sources now have spectral indices flatter than the α 1400 843 = −1.3 USS threshold.
OBSERVATIONS AND DATA REDUCTION
We used the ATCA to measure accurate radio positions and morphologies for the 16 highest redshift candidates in the sample: these included galaxies with (i) spectroscopic redshifts z ≥ 2, (ii) redshifts predicted from the K − z relation. These sources are marked with an asterisk ( * ) in Column 1 of Table 2 . In order to measure total flux densities for all 37 sources in our sample, we further obtained matched angular resolution observations in the 2.4 GHz, 5 GHz, 8.6 GHz and 18 GHz bands; a journal of the radio observations is given in Table 1 . In all cases, we utilised the standard continuum correlator configuration which has dual frequency mode with two independent 128 MHz bands (frequency 1 and 2 in Table 1 ). For all frequencies, the flux density scale was determined by observations of the standard ATCA primary calibrator PKS B1934-638. We observed PKS B1921-293 to correct for the instrumental bandpass, and a suite 1 of compact bright active galactic nuclei (AGN) located in close proximity to the science targets to track variations in the atmospheric phase during the observations.
A note on observing strategy
We observed our sources using multiple short observations, making between four and eight snapshots per source spread over a range of hour angles. With such a large number of targets, telescope slewing time becomes appreciable so that some thought was given to the trade-off between optimising the uv-coverage and maximising the on-source time. The relatively large field of view at 2.3 GHz, and to a lesser extent at 4.8 GHz, results in many confusing sources within the primary beam. At these frequencies, the flux densities of the targets are still relatively bright and our experience has shown that it is optimal to maximise the uv-coverage to minimise effects of confusion. Therefore, for frequencies of 4.8 GHz and below, targets were observed for three minutes each and we observed a phase calibrator every 45 minutes. On the other hand, the number of confusing sources in the primary beam becomes negligible at frequencies above 6.2 GHz, but the target sources are now extremely faint and the atmospheric phases less stable. For these observations, we sacrificed uv-coverage for sensitivity by making fewer snapshots with longer integration times (10-15 minutes) and we observed a phase calibrator every 30 minutes.
Data reduction
We employed the MIRIAD radio interferometry data reduction package (Sault et al. 1995) and used the same standard procedure to reduce all the observations. Initially, all data corrupted by radio frequency (RF) interference were removed; this was mostly a problem at 2.496 GHz, and to a lesser extent at 2.368 GHz. At 17.856 GHz and 18.496 GHz, we removed data when the rms path length through the atmosphere (measured from a two-element interferometer tracking a geo-stationary satellite) was sufficient to cause decorrelation during the individual scans (approximately 15% of the time). The bandpass was determined along with the absolute flux density scale, and both solutions were applied to the secondary calibrators whose complex gains and phases were determined and in turn applied to the target sources. Continuum imaging was performed using multi-frequency synthesis (Sault & Wieringa 1994) prior to deconvolution.
As mentioned in §4.1, we were mostly limited by sidelobe confusion at frequencies below 6.2 GHz and limited by sensitivity above 6.2 GHz. We used images of the associated NVSS (Condon et al. 1998 ) field obtained from its online image server to constrain the deconvolution algorithm to the 'real' sources in the field (as opposed to spurious sources due to phase errors or bright sidelobes), and accordingly restricted the deconvolution algorithm to tight regions surrounding each source. The sensitivity of the NVSS was sufficient to apply this constraint without biasing our results. This process is extremely time-consuming to do by-hand, and can also be difficult to reproduce systematically. As a result, an automated procedure has now been defined to select deconvolution (CLEAN) regions in ATCA images using the known positions of radio sources in the field. This is analogous to the FACES task which was independently implemented into the AIPS data analysis package several years ago.
When the science target was unresolved, based on inspection of the deconvolved images and the visibilities, and when there were no confusing sources in the primary beam (usually at frequencies larger than 6.2 GHz), we determined the total flux density of the source from the peak of the 'dirty' map, which is more accurate than the deconvolved value. Otherwise, we measured total integrated flux densities from the deconvolved images. Table 2 gives the results of these observations:
RESULTS
Column 1: NVSS source name. Column 2: Redshift from paper II. Column 3: 1.4 GHz radio luminosity L1.4, calculated using
where DL(z) is the luminosity distance and S1.4 is the flux density measured at an observing frequency of 1.4 GHz.
Column 4: Spectral index between 843 MHz and 1.4 GHz. Column 5: Total flux density measured at 843 MHz. Column 6: Total flux density at 1.4 GHz from NVSS (Condon et al. 1998) . Column 7: Total flux density measured at 2.4 GHz. Column 8: Total flux density measured at 4.8 GHz.
Column 9: Total flux density measured at 6.2 GHz. Column 10:Total flux density measured at 8.6 GHz. Column 11:Total flux density measured at 18 GHz. 86.6 ± 3 46.5 ± 1.8 28.2 ± 1.4 17.1 ± 0.9 13.7 ± 0.7 9.4 ± 1.0 4.3 ± 0.9 NVSS J235137-362632 ‡ * > 4 † >8.1×10 27 † -1.19 68.5 ± 3 37.4 ± 1.5 18.8 ± 1.5 8.7 ± 0.5 5.8 ± 0.3 ... ... †Redshifts are estimated using K(8 ′′ ) = 4.633 log 10 (z) + 17.066 where K(8 ′′ ) is the K-band magnitude defined in an 8 ′′ aperture . Since the K − z relation is not known to hold beyond z ∼ 4, the six sources where the relation predicts redshifts above this are listed as z > 4.
‡These sources no longer meet the original USS sample threshold of α ≤ −1.3 (see §3.1). * Sources also observed in 6A array at 4.8 GHz and 6.2 GHz. 
Host galaxy identification and radio structure
Freak flooding occurred at the ATCA during our high spatial resolution observations on 2004 December 10. As a result, the atmospheric water vapour content sky-rocketed and the phase stability at 4.8 GHz and 6.2 GHz became extremely poor. Consequently, our observations on December 11 and 12 have not been included in the analysis as we could not salvage the data. Unfortunately, the signalto-noise from the December 10 images is not adequate to determine reliable polarisation properties or accurate flux densities. However, they are of sufficient quality to measure the angular size and further constrain the positions of the host galaxies which have so far eluded identification (paper II). Table 3 lists the angular and linear sizes (for sources with spectroscopic redshifts) derived from these observations, or a limit if the sources remained unresolved. An asterisk (*) in column 1 of Table 2 shows the subset of sources in Table 3 .
Spectral Energy Distributions
For each source in the sample, we derived a functional form for its rest-frame SED by using a 1/σ 2 weighted least squares fit to log(Sν /(1 + z)) versus log(ν(1 + z)). We began by fitting each of the data sets with first-order polynomials. The goodness-of-fit of each model was determined using the χ 2 test. Models were rejected at the 2% level. The SEDs of 33 out of 37 sources were well characterised by a single power law. First-order polynomial fits were rejected for four sources in the sample. For each of these, we fitted the data sets with second-order polynomials and repeated the statistical tests. The results of the fits are given in Table 4 and the SEDs are shown in Figure 1 . 
DISCUSSION
A remarkable feature of the 37 SEDs in our sample is that they can be described, in the majority (33 out of 37) of cases, by a single power law. For the four (11%) spectra which do show curvature, these flatten rather than steepen toward higher frequencies. We note that these four flattening sources all have α 1400 843 < −1.3. This latter behaviour is indicative of either (i) the emergence of flatter spectrum core or hotspot components becoming important contributors to the total flux density at high frequencies (currently, we do not have observations of these four sources at high enough angular resolution to test this), or (ii) preferential biasing toward sources with α 1400 843 > −1.3 which have scattered into the SUMSS-NVSS USS sample (see §5.2 in paper I). Not one of the 37 objects in our sample shows evidence of steepening toward higher frequencies. We remind the reader that our sample was selected between 843 MHz and 1.4 GHz in the observed frame. The corresponding Figure 1 . Rest-frame spectral energy distributions for the 37 SUMSS-NVSS USS radio galaxies in the sample, shown in order of increasing Right Ascension. The flux densities listed in Table 2 are plotted along with the functional form for the SED as given in Table 4 . Source redshifts are labelled in the bottom left corner of each plot. rest-frame frequencies range from ∼ 4 GHz for z ≥ 3 to ∼ 1 GHz at the lowest redshifts. We interpret this result as evidence that, regardless of its redshift, the SUMSS-NVSS USS sample cannot be described by SEDs which steepen at rest frequencies beyond about 1 GHz. Lower frequency observations of the highest redshift galaxies are, of course, required to determine the actual extent of any curvature between 1 GHz and 4 GHz in the rest frame.
This result is in striking contrast to complete samples such as 3C, 6C and 7C where approximately 70% of the SEDs steepen toward higher frequencies (Blundell et al. 1999) . The fraction seems to be dramatically reduced in steep-spectrum selected samples: down to 29% for a sample selected at 151 MHz with α 151 4850 < −0.981 (Blundell et al. 1998) , and 0% for a sample selected at 1400 MHz with α 843 1400 ≤ −1.3 (this paper). The underlying reason for these different outcomes is unclear: possibilities include differences in flux density limit, finding frequency and the spectral index threshold which is applied to the samples. We have recently begun investigating these possibilities and will report our findings in a future paper.
THE REDSHIFT -SPECTRAL INDEX CORRELATION
As mentioned previously ( §1), the mechanisms invoked to explain the apparent correlation between redshift and observed radio spectral index are (i) k-corrections of steepening radio SEDs, (ii) enc 2005 RAS, MNRAS 000, 000-000 hanced spectral aging due to increased inverse Compton losses against the CMB at high redshift, and (iii) an intrinsic correlation between low frequency spectral index and radio luminosity coupled to a Malmquist bias. We now consider each of these possibilities as explanations of the observed z − α 843 1400 correlation which has led to the discovery of a large fraction of z > 3 SUMSS-NVSS USS radio galaxies (paper II).
A k-correction
If a k-correction is mainly responsible for the large surface density of SUMSS-NVSS USS z > 3 radio galaxies, then we expect those same sources to be characterised by SEDs which steepen toward higher frequencies. Clearly, our results are inconsistent with this requirement. Indeed, Chambers et al. (1990) also dismissed a k-correction for the steep spectral index of the well-known z = 3.8 radio galaxy 4C+41.17, after finding an essentially straight spectrum between 26 MHz and 10 GHz. In Figure 2 , we show the spectral indices measured at 2.3 GHz in the observed frame (upper panel) and the rest frame (lower panel) for the 28 radio galaxies in this sample with spectroscopically confirmed redshifts. As expected, there is very little difference between the two distributions, with the only exception being a steepening in the rest frame for three sources in the sample with flattening SEDs.
Whilst many authors have shown that a k-correction is a credible explanation for the z − α correlation (Gopal-Krishna 1988; Lacy et al. 1993; Carilli et al. 1999 ), some of these same studies also show that an apparent -yet weaker -correlation still exists between redshift and rest-frame (k-corrected) radio spectral index (Lacy et al. 1993; Carilli et al. 1999; Blundell et al. 1999) . These samples were all selected at frequencies in the range 38 MHz≤ ν ≤408 MHz, at least a factor of three lower in finding frequency than the SUMSS-NVSS USS sample, and at least an order of magnitude brighter in radio luminosity. The differences in selection frequency and luminosity could explain our contrary result. However, at the same flux density limit, the surface density of SUMSS-NVSS USS radio galaxies at z > 3 is similar to the WENSS-NVSS USS sample of De Breuck et al. (2000) which was selected between 325 MHz and 1.4 GHz. Since a k-correction does not apply to our sample, there must be another mechanism contributing to a z − α correlation.
Inverse Compton and synchrotron losses
Synchrotron physics predicts equivalent time-independent spectral changes due to IC and synchrotron losses. This means that cooling of the electron energy distribution due to both mechanisms manifests itself in the same way on the SED (see §2). Enhanced IC losses simply shorten the timescale over which this cooling occurs (Equation 10). So, for example, a radio lobe with a given dynamical age will have suffered more radiative losses at high redshift due to the (1 + z) 4 dependence. The critical issue here is that this will simply lead to a lower break frequency. It will not steepen the SED beyond the canonical ∆α = 0.5, for a continuous injection model. Compared with a low-redshift radio galaxy which is sampled beyond its break frequency, enhanced IC losses will not lead to steeper radio spectral indices in high-redshift sources.
We also note that if equipartition between the magnetic field and relativistic electrons is a valid approximation at high redshift, then synchrotron losses will continue to dominate over IC losses out to z ∼ 3 in radio lobes (for typical lobe magnetic field strengths of 35µG; Hardcastle et al. 2002) and out to z ∼ 8 in hotspots (for typical hotspot strengths of 150µG; Hardcastle et al. 2002) .
Luminosity dependence
Because of Malmquist bias, any mechanism which produces a correlation between spectral index and radio luminosity will give rise to an indirect correlation between spectral index and redshift. Blundell et al. (1999) find that radio spectral indices (measured at rest-frame 151 MHz) are indeed steeper in more powerful radio galaxies. They posit that the correlation arises because radio galaxies with larger luminosities also have larger jet powers which, in turn, produce larger magnetic fields when the jet kinetic energies thermalise at the hotspots. The larger magnetic fields result in more rapid electron cooling times (Equations 4 and 9) which lead to steeper electron energy distributions injected into the lobes. The extent to which the spectral index -radio luminosity correlation contributes to the large surface density of USS HzRGs in the SUMSS-NVSS sample remains unclear; in order to explore this further, the degeneracy between luminosity and redshift in this sample must be broken, as it was for the complete samples studied by Blundell et al. (1999) .
WHAT CAN WE LEARN FROM NEARBY CLUSTER GALAXIES?
The spectral index distribution for a sample of nearby z < 0.5 radio galaxies selected at 5 GHz (Kuehr et al. 1981; Stickel et al. 1994 ) is shown in Figure 3 . This nearby sample has been selected at a similar rest-frame finding frequency to the z > 3 radio galaxies in the SUMSS-NVSS USS sample. The average spectral index of the nearby sample is α 2.7 4.5 = −0.85 with less than 1% having indices as steep as −1.3 (the USS classification). If the rest-frame spectral index distributions of nearby (and less powerful) and distant radio galaxies are similar, this clearly implies that by using a spectral index cull as severe as −1.3, the high redshift radio galaxies being selected are not 'typical' of the 5 GHz selected samples, but fall at the extreme edge of the spectral index distribution for radio sources.
The homogeneity of rest-frame SEDs for the 37 sources in the sample might imply that the physics leading to their steep spectral indices can also be explained by a uniform mechanism. However, as always the Malmquist bias inherent in single samples prevents us from breaking the redshift-luminosity degeneracy. Nonetheless, it is tempting to ask what self-consistent mechanism could at the same time explain the physics of USS radio galaxies, and demand that it correlates with increasing redshift.
More than three decades ago it was realised that nearby radio sources in steep-spectrum-selected samples reside almost exclusively in rich clusters of galaxies (Baldwin & Scott 1973; Slingo 1974a,b) . It is also known that cluster radio sources display steeper spectral indices than field radio sources, with the steepest spectrum sources residing closest to the cluster centres (Slee et al. 1983 ). This has been interpreted as the manifestation of pressure-confined radio lobes which slow adiabatic expan- sion losses (Baldwin & Scott 1973; Komissarov & Gubanov 1994; Jones & Preston 2001) . A radio lobe will expand adiabatically until gas pressure equilibrium is reached between the lobe and the ambient gas pressure. From this it follows that in the centres of rich clusters, and other similar environments where the ambient baryon densities are large, radio lobes will be pressure-confined and lose energy primarily via synchrotron and IC losses. In more rarefied environments, like those surrounding isolated galaxies, the luminosity of the radio lobes would fade out much faster due to adiabatic expansion energy losses and decreasing surface brightnesses. Note that these nearby sources are of the lower radio luminosity Fanaroff-Riley type I (FR I) classification (Fanaroff & Riley 1974) . The high-redshift sources being selected using USS techniques, on the other hand, invariably have to have radio luminosities comparable with with the more powerful FR II class to be above the flux selection limit. We note that previous studies of USS-selected radio galaxies find a large (30%) fraction of compact steep-spectrum (CSS) sources (De Breuck et al. 2000) . In addition, USS radio galaxies with classical FR II morphologies at z ∼ 2 are more distorted compared with their low-redshift FR II counterparts (Carilli et al. 1997; Pentericci et al. 2000a ). So, although we acknowledge the danger in drawing analogies between local steepspectrum FR Is and distant FR IIs, we believe that high ambient densities play an important role in the physics leading to the unusually steep radio spectral indices of both classes of source.
A new explanation for the z − α correlation
Nearby FR I radio galaxies with ultra-steep spectral indices are rare. Those which do exist reside overwhelmingly in regions of high baryonic densities. By analogy, we speculate that if there is evolution in the richness of the environments of powerful radio galaxies in the sense that these radio galaxies are increasingly more likely to occupy regions of higher ambient densities at higher redshifts, then we would expect to find, on average, more steep-spectrum radio galaxies as a function of redshift. This would be a natural, and physical, interpretation of the z − α correlation. We note here that almost a decade ago Athreya & Kapahi (1998) also posited that the z − α correlation is driven by the propagation of radio jets into regions of higher gas density as a function of redshift. These authors asserted that the injection of steeper electron energy spectra occurs naturally as a function of redshift in first-order Fermi acceleration processes due to the decreased hotspot advance velocities in a progressively denser (and hotter) inter-galactic medium.
There are some good reasons we believe that radio galaxies are increasingly more likely to occupy regions of higher ambient densities at higher redshifts. Most importantly, cosmological expansion of the universe means that the average gas density of the intergalactic medium was greater in the past by a factor of (1 + z)
3 . In addition, there is abundant observational evidence to support the notion that distant radio galaxies reside in high density environments:
(i) Firstly, the environments of many powerful radio galaxies Figure 3 . Spectral index distribution between 2.7 GHz and 5 GHz for radio sources selected from high finding frequency samples and spectroscopically confirmed to have z < 0.5 (Kuehr et al. 1981; Stickel et al. 1994) . Most sources have spectral indices around α = −0.85. The vertical dashed line at α = −1.3 indicates the USS cutoff we used to define our sample. within the range 1 z 2 show an excess of companion galaxies within a 1 Mpc radius (Bornancini et al. 2004; Best et al. 2003; Best 2000 , and references therein). The direct detection of star-forming companion galaxies surrounding z > 2 radio galaxies, with narrow-band Ly α or H α emission line searches, also indicates that steep-spectrum radio galaxies live in regions of galaxy overdensity comparable with the richest galaxy clusters Pentericci et al. 2000; Venemans et al. 2002 Venemans et al. , 2004 Miley et al. 2004; Venemans et al. 2004; Overzier 2006) .
(ii) Secondly, radio polarimetric imaging of z > 2 radio galaxies and radio-loud quasars has shown that many have rotation measures which, if intrinsic to the source environment, are in excess of 1000 rad m −2 (Carilli et al. 1997; Pentericci et al. 2000b ). The rotation measure (RM ) is given by
where ne is the electron density in cm −3 , B B B is the magnetic field in µG and L is the path length in kpc. Unless the magnetic fields are somehow unusually large at high redshift (a situation that seems unlikely), this implies that the extreme RMs found in HzRGs are the result of dense environments similar to nearby X-ray cooling-flow clusters (Carilli & Taylor 2002 , and references therein). Extended X-ray emission has been attributed to thermal emission from dense (0.05 cm −3 ) gas in at least one HzRG with a large rotation measure .
(iii) Thirdly, observations of the fields surrounding highredshift radio galaxies have revealed that many of these sources are enveloped by extended (up to 100 kpc) Ly α haloes (e.g. Dey et al. 2005; Weidinger et al. 2005; Reuland et al. 2003; Villar-Martín et al. 2003) . Others have been shown to be immersed in massive reservoirs of molecular gas and dust (e.g. Stevens et al. 2003; Reuland et al. 2004; Papadopoulos et al. 2000 Papadopoulos et al. , 2001 . These observations are all consistent with a scenario in which radio jets in high-redshift radio galaxies are propagating through denser environments than at low redshift.
(iv) In addition, radio imaging of some high-redshift radio galaxies reveal unusual knotty radio emission along the radio axis (Carilli et al. 1997; Pentericci et al. 2000b ). This has been interpreted as evidence of "frustrated jets" propagating through a medium which is dense and clumpy on scales of between 50 and 100 kpc.
(v) And finally, the total (but unvirialised) mass contained within high-redshift protoclusters is estimated to be in the range 2−9×10 14 M⊙ (Venemans 2005) , similar to the virialised masses of the richest present-day galaxy clusters.
We have recently begun an observational campaign to test our hypothesis that high-redshift USS radio galaxies are located in environments with higher gas densities compared with their lowredshift FR II counterparts. This remains a work in progress. The results of our investigation will be given elsewhere.
CONCLUDING REMARKS
In this paper we have presented multi-frequency radio observations for a sample of 37 steep-spectrum radio galaxies. The sample was originally designed to find distant radio galaxies by exploiting a well-known correlation between redshift and radio spectral index. We determined rest-frame SEDs for the sources in our sample, which cover a broad range of redshifts from 0.1 < z < 4.0. We have found that 34 (89%) of the SEDs are well-characterised by a single power law, with the remaining 4 (11%) sources showing evidence for spectral flattening toward higher frequencies. This result appears in stark contrast to complete samples of radio sources in which approximately 70% of SEDs progressively steepen toward high frequencies. We have begun investigating whether differences in the sample selection frequencies, flux density limits or spectral index thresholds are responsible for these differences. We also note that the Malmquist bias inherent in our sample currently prevents us from separating out the contribution from a luminosity-spectral index correlation.
Coupled to the rarity of USS sources in nearby GHz-selected samples, we are not persuaded that a k-correction plays a dominant role in our SUMSS-NVSS USS sample. Instead, we believe that USS HzRGs are intrinsically steeper than their nearby counterparts. Since the surface density of z > 3 radio galaxies in our sample is up to three times higher than in lower-frequency-selected USS samples, and since the derived space density of z > 3 radio galaxies in our sample is consistent with representing the majority of all powerful radio galaxies at high redshift (paper II), we speculate that a mechanism other than a k-correction or luminosity-induced correlation is driving the z − α correlation.
There is a well-known trend between the spectral index and the ambient surroundings of nearby, low-luminosity radio galaxies, in the sense that the steepest spectrum sources reside at the centre of the richest galaxy clusters. By analogy, the z − α correlation could be driven by evolution in the richness of the environment of radio galaxies if a higher fraction of radio galaxies reside within cluster-like ambient densities as a function of redshift. Further investigations are now underway to test this hypothesis.
